Study design: A case study. Objective: The aim was to investigate whether motor imagery (MI) could be successfully incorporated into conventional therapy among individuals with spinal cord injury (SCI) to improve upper limb (UL) function. Setting: The Physical Medicine and Rehabilitation Unit at the Henry Gabrielle Hospital in Lyon, France. Methods: The participant was an individual with a complete C6 SCI. MI content was focused on functional UL movements, to improve hand transport to reach out and grasp with tenodesis. The participant was tested before and after 15 MI training sessions (45 min each, three times a week during 5 consecutive weeks). MI ability and program compliance were used as indicators of feasibility. The Minnesota and Box and Blocks tests, as well as movement time and hand trajectory during targeted movements were the dependent variables, evaluating motor performance before and after MI training. Results: The participant's ability to generate MI was checked and compliance with the rehabilitation program was confirmed. The time needed to complete the Minnesota test decreased by 1 min 25 s. The Box and Blocks score was improved by three units after MI program. Decreased movement time and enhanced hand trajectory smoothness were still observed 3 months later, despite a slight decrease in performance. Conclusions: This study supports the feasibility for introducing MI in conventional therapy. Further studies should confirm the potential role of MI in motor recovery with a larger sample.
INTRODUCTION
Individuals with cervical spinal cord injury (SCI) experience varying degrees of sensorimotor impairments of the upper limbs (ULs), lower limbs and trunk. The loss of UL function, especially grip, may have deleterious consequences in everyday life. Improving hand function is thus one of the main objectives during the rehabilitation process. Traditional therapy frequently consists of physical repetition, 1 orthotic use, 2 or UL surgery. 3 Integrating mental rehearsal based on motor imagery (MI) into conventional therapy was aimed at improving rehabilitation efficiency. MI is the mental representation of an action without any overt movement. One of the most remarkable features of MI is that it shares common neuronal networks with actual execution. In other words, MI has the ability to activate the neural networks controlling the planning and programming of movement, thus maintaining active the motor programs stored in the procedural memory. In the clinical context, there is now compelling evidence that MI combined with physical practice is more effective than physical or mental practice alone. In fact, combining MI with actual repetitions 4, 5 may help to create accurate and vivid mental images due to the sensory feedback originating from movement, even passively guided (mainly from the visual system in case of de-afferentation after SCI).
MI should be effective owing to the activation of neuronal networks that are similar to those activated during actual execution. 6 Caution must however be exercised before drawing final conclusions, as a recent review 7 provided limited evidence about the effectiveness of MI in UL function training following stroke and suggested the need to further investigate the potential benefits of MI in clinical rehabilitation. Besides numerous post-stroke studies, the integration of MI in SCI rehabilitation received limited attention. Numerous neuroimaging studies demonstrated that mental representation is retained in individuals with SCI. 8 Cramer et al. 9 identified the activation of similar areas that are involved in the learning process, both in healthy controls and individuals with SCI, during MI training of lower limb movements. They also showed that MI training similarly improved behavioral outcomes and tongue movement speed in both groups. These findings suggest that the neural networks controlling movement might be centrally activated above and below the lesion level, even in the absence of peripheral feedback.
Despite these encouraging results, the integration of MI in SCI rehabilitation programs for improving functional recovery has not yet been experimentally addressed. The aim of this case study was to assess the feasibility of a rehabilitation program combining MI practice and conventional therapy for improving UL function in individuals with SCI, using (1) rehabilitation program compliance and (2) quantitative assessments of UL performance. As brain structures were spared by the injury, we postulated that the participant would be able to generate vivid and accurate images despite the impairment due to SCI, and complete the whole MI program. We further expected that kinematic analysis and functional tests would be potential indicators of UL function improvement in future studies.
PATIENTS AND METHODS Participant
The participant voluntarily took part in this study and gave his informed consent after the medical team and the local human research ethics committee approved the experiment. Then, we verified that he had enough abilities in forming mental images for the protocol to be completed. He was 23 years old, right handed 10 and had sustained a traumatic SCI due to a C6 burst fracture 8 months earlier. He underwent surgery with reduction and C5 ÀC7 osteosynthesis on the day of accident. He was not comatose and did not sustain any brain injury, although the scan did reveal hemorrhagic damage at the C6 level. The neurological check-up was computed by a physiotherapist and showed infra-lesional motor and sensory deficits at the C6 level. Motor, sensory and light touch (pinprick sensation) scores were 22, 24 and 28, respectively, using the ASIA (American Spinal Injury Association) Impairment scale (AIS). The SCI was classified as AIS A owing to the absence of motor and sensory function in sacral segments S4-S5. Manual testing of the right UL showed normal strength in shoulder muscles and elbow flexors. Triceps brachii function was altered and rated as 2 on a 5-level scale. There was general paralysis of the flexor carpi radialis and hand muscles. The participant displayed moderate spasticity without elbow and wrist movement restriction.
Interventions
When the experiment started, the patient had already received conventional physiotherapy and demonstrated stable UL functional scores. Thus, performance did not change from the end of therapy until the present baseline measurements 10 days after. Each training session was a combination of conventional therapy and MI repetitions, conducted by the same physiotherapist under similar conditions. The experimental design lasted 5 consecutive weeks. The MI/physical practice ratio increased from 5:1 to 10:1, as the participant was able to withstand increased mental load due to progress in training. The total number of repetitions also increased over the 5-week period (Table 1) . During the first week, the participant completed functional and mental ability tests and kinematic evaluations under the supervision of an external examiner. We scheduled a specific MI training program between weeks 2 and 5, to improve hand movement towards target to reach out and grasp various objects using tenodesis. Then, a post-training test was performed and two retention tests were planned 1 and 3 months later. All interventions were conducted at the Rehabilitation Hospital Unit.
The 5-week training program consisted of three weekly sessions of 45 min each. Physical training was only used to facilitate the imagined movement by providing visual and kinesthetic feedback. Consequently, the expected improvement in motor skills (if observed) would mainly result from the mental rehearsal and not from actual trials. Both visual and kinesthetic MI were believed to provide useful feedback to the participant in controlling movement execution. Visual MI involved self-visualization of action stages based on visual cues; kinesthetic MI involved imagining the feeling of performing the movement. The participant was instructed to close his eyes during MI to better focus on movement accuracy. The training sequences consisted of reaching and grasping tasks based on daily living activities. The participant was asked to self-evaluate his ability every four MI trials to create accurate mental images on a 4-point Lickert scale (where 1 represented very poor imagery and 4 represented vivid imagery) and to ensure that instructions were adequately followed. At the end of each session, we interviewed the participant about his own perception of the MI program to ensure that it was well adapted to his actual abilities, and took his improvement into account. When applicable, it was adjusted at the next session. Program compliance was recorded in a logbook. 
Main instructions
Do not rest during the transport of your hand. Make sure the objects do not fall when you touch them to grasp them. Go directly toward the target so you do not go too far. Use tenodesis grasp by placing your hand above the objects The KVIQ allowed for the assessment of 10 movements of different body segments. A 5-point rating scale enabled the calculation of the KVIQ score (1 ¼ low level of imagery and 5 ¼ high level of imagery). The participant was asked to physically perform each movement from a sitting position and then imagine the same action by using visual and kinesthetic MI. As actual kinesthetic feedback was probably altered, the participant may have recalled information from long-term memory cues, using a top-down process. In this case, it was supposed that he created the motor image from the expected kinesthetic feedback stored in his long-term memory. When he could not perform the movement, he observed the movement being performed by the examiner before engaging in MI.
Mental chronometry evaluated the ability to achieve temporal congruence between the imagined and actual movement by comparing the duration of the physical movement to that of MI. EDR, an index of the sympathetic nervous system, was used as the third indicator of MI ability simultaneously to mental chronometry. Previous results reported strong relationships between EDR and mental processes. 14 MI was considered accurate when EDR matched that of actual execution (Figure 1) . Mental chronometry and EDR were analyzed during the movement of reaching out to grasp a glass (see detailed information in the kinematic measures section). Combining these three indices provided a thorough procedure for assessing MI ability, 11 as this should be considered before enrolling a participant in a MI program. 7 Functional movement assessments. Manual dexterity was tested using the Box and Blocks 15 and Minnesota tests, 16 which are well-known indicators of UL function performance. To prevent from habituation and learning, the participant performed only one trial during each evaluation session. Figure 1 Experimental design. The height of the table was set up to fit the patient's morphological features. The point A indicates the starting point of the hand, whereas the arrow shows the glass to reach and grasp (gray circles). The Vicon MX system recorded kinematics of hand trajectory using retro-reflective markers attached to the wrist, the forefinger and the thumb of the dominant hand. The infra-red light cameras gave a clear grayscale view from the markers used to compute the co-ordinates of each marker. The system integrated co-ordinates from all cameras and tracked the markers automatically to compute accurate 3D trajectories. IL: ipsilateral space; CL: controlateral space.
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The first test required the participant to grasp and transfer individual blocks within a partitioned box using the dominant and then the non-dominant hand for a 60-s time period. The number of blocks successfully transferred was the dependent variable. The Minnesota test required the participant to place 60 disks into holes in a board while using a wide range of unilateral and bilateral shoulder movements. 14 The time taken to complete the test was the dependent variable.
Kinematic measures. The participant sat in a wheelchair and was kept motionless by a strap across his chest. When the onset signal indicated the target to be reached, the participant was asked to reach out and grasp the glass to simulate drinking before returning the glass back to the starting position. The glass was placed in the participant's ipsilateral (IL) or controlateral (CL) haptic space. The participant had thus to reach out the glass with his dominant hand in two directions, that is, left and right, which respectively corresponded to the controlateral and ipsilateral spaces. In all, 20 trials were randomly performed in each direction and were video-recorded using the 3D Vicon MX system (Oxford, UK) placed above the participant to record data from the horizontal plane (Figure 2 ). Kinematic measures started at the beginning of each movement and ended as soon as the patient grasped the glass. Movement duration and smoothness of the wrist trajectory were considered the dependent variables, that is, indicators of the quality of the movement to reach out to grasp using tenodesis. 17 Smoothness was defined by the variability in the horizontal plane and the total distance covered by the wrist. Functional scores and trajectory smoothness were analyzed with descriptive statistics. The functional scores and kinematic measures were considered performance indices from the pre-test to the post-test.
RESULTS
The visual KVIQ score was 70 out of 85, whereas the kinesthetic score was 57, suggesting greater visual imagery than kinesthetic imagery ability. We found a significant correlation between actual and imagined movement times (r 2 (10) ¼ 0.91; P ¼ 0.003) as well as between EDR duration under the same conditions (r 2 (10) ¼ 0.72; P ¼ 0.02), demonstrating that the participant was able to achieve temporal congruence and accurate MI. The logbook data indicated that the participant performed 342 MI trials out of the 400 previously planned. Accordingly, because of shoulder pain during two sessions, the participant did not perform all MI trials (194 and 148 out of 200 trials, respectively, under the CL and IL conditions). Self-report ratings and interviews further suggested that he did not encounter any difficulty when imagining the movements (3.44 and 3 in visual and kinesthetic MI, respectively), and the difficulty of the MI program was deemed to be adjusted to his physical and cognitive abilities.
The time needed to complete the Minnesota test decreased by 1 min 25 s. The Box and Blocks score was improved by three units (Table 2 ). Interestingly, the participant's performance remained stable 3 months after the training program. After MI training, the score in the Box and Blocks test using the trained UL outperformed that of the untrained UL, that is, þ 3 and À4, respectively. However, we observed a great variability of performance in the untrained UL.
Movement time and trajectory smoothness improved following MI training (Figures 2 and 3) . IL movement was 1595 ms during the post-test, that is, 32% faster than the pre-test. CL movement time was 1700 ms in the post-test, that is, 26.5% faster than the pre-test.
The variability of wrist trajectory decreased in both IL ( À8.52 mm) and CL movements ( À8.32 mm), that is, an improvement of 66% and 50%, respectively. Therefore, the distance covered by the wrist also decreased by 9% and 3% in terms of IL ( À30 mm) and CL ( À10 mm) movements, respectively. Kinematic measures again remained stable after 3 months. However, movement time and trajectory smoothness slightly increased during the retention phase, particularly in IL movement, but performance remained substantially better than before MI training.
DISCUSSION
Although little data support the integration of MI in rehabilitation programs for individuals with SCI, present results show a feasible way to consider the therapeutic benefits of MI. The kinematic assessments support the potential benefit of MI training for UL function improvement, although future studies with larger sample size are required. Learning tenodesis required the participant to change motor programming of reaching out. The new muscle coordination involved (i) a complex UL coordination to extend the elbow to compensate for the weakened triceps brachii function, and (ii) hand transport control during the reaching phase to place the hand above the glass allowing for tenodesis grasp. 17 Smoothness trajectory and movement duration improvement after MI training confirmed the spatial reorganization of hand transport during the reaching phase and suggested better control of arm direction. According to Laffont et al., 18 reaching out to grasp requires lateral rotation and supination of the scapula in individuals with SCI at the C6 level, and weaker involvement of the glenohumeral joint in the external workspace. Thus, the ballistic phase remains possible using gravity and the interaction of dynamic forces between the shoulder and the elbow.
The slight increase in movement time in the IL space may be explained by the characteristics of the movement. Indeed, Tseng and Scholtz 19 demonstrated that pointing towards a target resulted in shorter movement time and more accurate pointing when performed controlaterally compared with an IL movement. Additionally, the amount of practice was not equal between IL and CL movements owing to the participant's shoulder pain. The effect of MI might be explained by the feedback provided during actual practice, which may help the retention of motor programming by reinforcing recognition and recall from procedural memory. 20 Strengthening a new motor skill requires a minimum of rehearsal. The weaker amount of trials in the IL space (owing to chronic pain), could probably explain why performance was lower by comparison with the CL space. Although the inclusion of little physical practice has been validated in earlier studies, 4,5 the proportion of MI vs physical practice still needs to be better determined. Malouin et al. 21 and Jackson et al., 4 respectively, included 1100 and 1500 MI trials in their rehabilitation program vs 194 and 148 for the CL and IL movements in the present study.
Further testing is therefore needed to determine the extent to which a tailored MI program may better consolidate the performance level and indicate the optimal ratio between MI and actual practice. Additionally, the score obtained with the Box and Blocks and Minnesota tests during post-training confirmed the improvement of UL function performance. However, the great variability in the untrained limb remains questionable. The transfer of motor learning between ULs is usually observed across the two ULs in reaching and catching tasks. 22, 23 However, the participant in our experiment did not benefit from this transfer effect. The period of observation may have been too short to observe functional difference, which could be recorded with kinematics tools. Another working hypothesis awaiting further investigation could be the dissymmetry of the SCI, causing functional motor deficits, which are more difficult to treat. The use of functional assessments specifically designed to evaluate individuals with SCI should also be considered in future studies (for example, Graded Redefined Assessment of Strength, Sensibility and Prehension -GRASSP 24 ). The transport phase and the grasping phase with tenodesis are the two main components enabling catching within the haptic space. Learning tenodesis requires changing the transport phase as the hand should be placed above the object to grasp, due to wrist extension. Thus, the first step in the rehabilitation of grasping after SCI is to change the transport phase of the arm toward the target with the aim to favor grasping with tenodesis, which requires the prior extension of the wrist, needed for closing the fingers on the palm.
Lastly, compliance with the MI program was maintained as the participant completed almost all sessions and his MI ability was confirmed despite sensorimotor impairment due to SCI. However, he Figure 3 Hand trajectory (mm) in the horizontal plane before and after MI training, during the IL (top) and CL movement (bottom). The hand trajectory was analyzed through the wrist marker, as the patient could not move the fingers owing to paralysis. The variability decreased during the post-test particularly at the end of the movement, the part of reaching, which is controlled by sensory feedback. The distance covered by the hand in the sagittal plane was shorter after MI training (dotted line).
did not complete three training sessions as pain increased during MI trials. MI, which activates similar cortical pathways to actual execution, might involve brain circuits mediating pain processing, independently from peripheral inputs. This analysis underscores the need for close clinical supervision when undertaking a MI program and for treatment based on participants' characteristics. Additionally, interviews with the participant confirm that the MI program was not found to be boring, due to the various grasping tasks proposed during practice. He perceived the increased difficulty between sessions to be challenging and as a great source of motivation. To conclude, this study supports the feasibility of introducing MI in conventional therapy to improve UL function after SCI. As expected, the participant was able to form accurate MI and completed almost all sessions. The kinematic and functional assessments confirmed that MI could be associated with conventional therapy for UL improvement in rehabilitation programs.
We should nevertheless underline several limits in this study. Results from clinical trials should be generalized with extreme caution. First, future studies should confirm these results with larger samples. Physiotherapists should also control the ability of the SCI participants to form accurate mental images of movements. This is a crucial point guaranteeing the effectiveness of the MI rehabilitation process. Finally, we have to progress in determining the ratios between mental and physical practices, taking into account the exact nature of the injury, motor and mental skill abilities at any time of the rehabilitation process as well as the adherence and motivation of the individuals for such work.
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